In this paper, a robust scheme is presented for distributed formation tracking control of marine vessels with heterogeneous hydrodynamics. Provided that multiple ships sail in proximity at sea, the hydrodynamic forces and moments would be changed greatly due to the ship-ship interactions, thereby causing the heterogeneous hydrodynamics; nevertheless, it is usually ignored in formation control of marine vessels. The heterogeneous hydrodynamics is very difficult to model and induces the uncertainty; therefore, it is treated as unknown dynamics in this paper. The neural network (NN), which is well-known for approximation-based control, is employed to handle the unknown dynamics. Note that the NN is employed to approximate the unknown dynamics collectively for reducing the learning parameters. Furthermore, unlike traditional formation control of coordination of positions, the consensus mechanism of velocities is also included into the control design to ensure the performance of formation maintenance. The presented distributed controller for each ship only utilizes the information from itself and its neighbors, aiming to prevent single-point failure in harsh marine environment. All the closed-loop signals are proved to be stable based on Lyapunov theory. Various simulations are conducted to validate the effectiveness of proposed control design.
I. INTRODUCTION
Formation control of marine vessels has received significant attentions in marine control community due to its scientific challenges arising in the coordination and its wide applications, e.g., ocean exploration, underway replenishment, geological surveying, and rescuing [1] - [4] . It is emerging as an attractive alternative to monolithic ship control for reducing costs, increasing efficiency, and providing redundancy. The formation control can be categorized as formation regulation control and formation tracking control [5] , the latter one is investigated herein. For formation tracking control to be successful, numerous issues should be addressed, including the coordination strategy, the communication topology among ships, and the control theory.
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Generally speaking, the coordination strategy can be divided into three categories, namely, leader-follower [6] , [7] , virtual structure [8] , [9] , and behavioral. Leader-follower and virtual structure are frequently adopted in applications of formation tracking control, while behavioral strategy is prone to be used in applications that describes the desired behavior of each ship, e.g., collision avoidance, goal seeking, and obstacle avoidance [10] , [11] . The concept of leaderfollower is quite straightforward, i.e., the followers are designated to track the position and orientation of the leader with a prescribed offset. Leader-follower strategy therefore, to our best knowledge, is adopted the most among coordination strategies due to its simplicity. In traditional leaderfollower formulation of marine vessels, a global leader is defined firstly, and the reference signals for each followers are generated based on the trajectory of the leader. Then, the controllers of each followers are designed individually to track their own reference signals. The formation tracking VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ problem, in this way, is transformed into the monolithic tracking problem [1] , [2] , [7] , [12] - [16] . Apparently, the communication topology is assumed to be fixed in the way that the information of leader is always available to each followers, and there is no information exchange among followers [1] , [2] , [7] , [12] - [16] . In virtual structure strategy, the entire formation is considered as a single entity, i.e., the desired objective is defined by the motion of the entire structure [10] , [17] . Then, the desired objective is decomposed into the desired motion of each ship [9] , [10] . It is worth mentioning that it is possible to cause the single-point failure [1] , [2] , [7] , [9] , [12] - [16] , [18] due to the limitations of communication range and bandwidth, i.e., any faults of the communication with core unit could cause failure of the whole formation, particularly in harsh marine environment. Communication topology, which is used to describe the information exchange, plays an important role in cooperative control of multiagent system; normally, it can be modelled by the graph theory and analyzed by the matrix theory [19] . In order to overcome the single-point failure, the distributed control, where each ship makes its own decision only using the information itself and its neighbors, are preferred [20] . Robust synchronization of multiple marine vessels with disturbances and communication delay is proposed using the disturbance observer in [3] . Leaderless and leader-follower cooperative control of multiple marine vessels is proposed based on integrated backstepping and neural network method [21] . The minimal learning parameter (MLP) technique is employed to reduce the learning parameters in [21] , and then the cooperative formation control of autonomous ship is presented in [4] . Generally speaking, the cooperative control can be divided into the centralized control and the decentralized or the distributed control [17] . For the centralized control, there exists a powerful central unit that make decisions for all other agents. Nevertheless, there is no unified acknowledgement, in previous literature, on the boundaries between decentralized control and distributed control. In this paper, the control strategy, which enables each agent to make its own decision, is referred as the decentralized control [1] , [2] , [7] , [9] , [12] - [16] , [18] ; furthermore, the control strategy, which enables each agent to make its own decision only using the information itself and its neighbors, is referred as the distributed control. Note that the distributed control strategies [3] , [4] , [21] are not confined in one specific communication topology [1] , [2] , [7] , [9] , [12] - [16] , [18] . The single-point failure therefore can be prevented by the distributed control strategies.
Although the cooperative control of multi-agent system as a burgeoning research topic has attracted a great amount of attentions, the distributed formation tracking control of marine vessels is still open problem. The ship motion control system belongs to a kind of second-order nonlinear system. The distributed control design for second-order nonlinear system poses significant theoretical and practical challenges. In single-integrator system, the consensus equilibrium is a constant. Nevertheless, in double-integrator system, some information states converge to a consistent value, e.g., position, while others converge to another consistent value, e.g., velocity [19] . The formation control is achieved, in previous studies, by controlling the positions and orientations of ships cooperatively, whereas the consensus error of velocities are not clearly defined. For formation tracking control, the process can be characterized by two stages: the formation acquisition and formation maintenance. Reasonably, it is necessary to consider the consensus of velocities for formation maintenance while performing tracking missions. Furthermore, the hydrodynamics of all agents are simulated with the same parameters in previous studies. However, when multiple ships sail in proximity, the hydrodynamics varies greatly due to the ship-ship interactions which induces the model uncertainty [22] , [23] .
Fortunately, in field of control theory, some promising results of consensus control for second-order nonlinear multiagent systems have been reported in recent years. The robust control technique and neural network are integrated to propose the decentralized consensus control algorithm for second-order nonlinear multi-agent system, where the neural network is used to handle the uncertainties and external disturbances [24] . For reducing the computation burden of neural network, an efficient controller is designed, where the adaptive adjusting parameters are designed in scalar form [25] . The distributed consensus tracking controller is studied based on sliding mode method in [26] . The consensus tracking control for high-order multiagent system is proposed based on backstepping and neural network method in [27] . The consensus tracking control for second-order multiagent system with heterogeneous dynamics is proposed based on fuzzy system and backstepping method in [28] . Although references [24] - [28] focus on the consensus control, it is feasible to extend consensus control into formation tracking control [17] , [24] .
Ship motion is frequently influenced by the external disturbances, such as currents, waves, and winds. In this paper, therefore, the distributed consensus control based on sliding mode [26] , which is well known for the robustness, is employed. The robust consensus control of secondorder multi-agent system [26] is transformed into the formation tracking control of marine vessels by integrating the leader-follower and virtual structure coordination strategies. Specifically, the entire formation is defined based on a virtual leader, and the desired positions and orientations of each follower can be determined by using either the information of the leader or the neighbors, mainly depend on the communication topology. Note that it is assumed that there exists a directed spanning tree in communication topology.
This assumption is quite common in cooperative control [19] , [26] . Various type of communication topologies are included in simulation to validate the effectiveness of proposed controller to communication topology changes. In addition, the neural network is proved to be successful in handling the uncertain dynamics in consensus control [24] , [25] , [27] given the capability of the universal approximation [29] , [30] ; thus, it is used to handle the heterogeneous hydrodynamics in this paper. The approximation error of neural network is counteracted by the robust mechanism of the sliding mode. The parameters of each ship in simulation are different to verify the effectiveness of the proposed controller to heterogeneous hydrodynamics. All the closed-loop signals are proved to be stable based on the Lyapunov theory. The main contributions can be summarized as follows:
(1) The consensus control of second-order nonlinear system using sliding mode technique [26] is extended into the robust distributed formation tracking control of marine vessels by integrated the leader-follower into virtual structure coordination strategy, thereby preventing the single-point failure [1] , [2] , [7] , [9] , [12] - [16] , [18] . (2) The heterogeneous hydrodynamics, which is usually ignored [1] , [2] , [7] , [9] , [12] - [16] , is treated as the unknown hydrodynamics and approximated by the neural network. The approximation error of neural network is handled naturally through the incorporation into sliding mode design, i.e., a novel distributed formation tracking control based on integrated neural network and sliding mode for second-order nonlinear multiagent system with uncertainty and external disturbance is proposed. Furthermore, the learning parameters of neural network are reduced by approximating the dynamics collectively. (3) Not only the positions and orientations of ships are coordinated [1] - [4] , [7] , [9] , [12] - [16] , [18] , [21] , the consensus mechanism of velocities is also included to ensure the performance of formation maintenance.
The paper is organized as follows: Section 2 states the preliminaries; Section 3 introduces problem formulation; Section 4 presents the main results; Section 5 gives the simulation results; Section 6 draws the conclusions.
II. PRELIMINARIES A. GRAPH THEORY
The communication topology between ships can be modelled by a weighted graph ς = (ν, ε, A), where ν = ν 1 , ν 2 , . . . , ν N is finite nonempty node set, ε = ν × ν is an edge set of ordered pairs of nodes, and A = [a ij ] is the weighted adjacency matrix. The set of ships can be considered as the nodes of graph. An edge (i, j) in digraph (directed graph) describes that ship-j can receive information from ship-i, but not necessarily versa. If the ship-j can receive the information sent from ship-i, the edge (i, j) exists, i.e., (i, j) ∈ ε. The pairs of nodes in an undirected graph are unordered, which can be considered as a special case of a digraph, where edge (i, j) corresponds to edges (i, j) and (j, i). Note that a directed spanning tree of a digraph is a directed tree formed by graph edges that connect all the nodes of the graph. A graph has a directed spanning tree if there exists a directed spanning tree being a subset of the graph [20] , [31] .
The element a ij in adjacency matrix A = [a ij ] of digraph is defined as a ii = 0 and a ij > 0 provided that (j, i) ∈ ε where i = j.
B. MODEL DESCRIPTION OF SHIP
The mathematical model of ship motion can be divided into the kinematics which describes the geometrical aspects of ship motion and the kinetics which presents the forces or moments causing the motion [32] . For ship sailing in horizontal plane, normally, 3-degree-of-freedom (3-DoF) is considered, namely, surge, sway and yaw. Consider the ship-i in formation, the kinematics and kinetics can be given bẏ
where
is the vector of the surge velocity u i , the sway velocity v i , and the yaw rate r i , which is described in body-fixed frame [32] , [33] . The rotation matrix R(ψ i ) between body-fixed frame and Earth-fixed has the form
Here M i is the inertial matrix, and C i (υ i ) is the Corioliscentripetal matrix, and D(υ i ) is the damping matrix [32] , [33] .
T is the vector of external disturbances, and it is assumed that τ id ≤ τ iMd .
C. NEURAL NETWORK & FUNCTION APPROXIMATION
Radial basis function (RBF) neural network (NN) has been successfully used for approximation-based control due to its benign nature and simplicity [24] , [25] , [29] , [30] , [33] - [36] . It is therefore employed to approximate the unknown heterogeneous dynamics of ships in this paper. A continuous function f (z) : m → m can be approximated as
with the input vector z ∈ z ⊂ m , the weight matrix W ∈ p×m , the number of neuron p, and the activation function
where µ g = [ µ g1 µ g2 . . . µ gm ] T is the center for the receptive field, and σ g is the width of Gaussian function. It has been proved that (2) can approximate any continuous function on a compact set z ⊂ m to arbitrary accuracy as
where ε is the approximation error, and it is assumed ε ≤ ε M [24] , [25] . W * is ideal weight matrix that minimizes the approximation error, which is only used for analytical purpose [24] , [25] , [29] , [30] , [33] - [36] .
III. PROBLEM FORMULATION
To illustrate the proposed algorithm, a triangle structure is taken as an example in this section. Note that the application of the proposed algorithm is not constrained into the triangle formation. The kinematics of virtual leader η 0 = [ x 0 y 0 ψ 0 ] T can be defined aṡ
The structure of formation is shown in Fig.1, where 0 represents the virtual leader, while i = 1, 2, 3 represent the followers. Define B = [b i ] T to describe the communication topology between the leader 0 and follower-i, i.e., if the follower-i could receive information from the leader b i > 0, otherwise b i = 0. It is assumed that at least one follower could receive information from the leader [26] . Note that the position and orientation of the followers not only depend on the leader but also the neighbors, aiming to prevent the singlepoint failure. The communication topology among followers is described by the adjacency matrix A = [a ij ], e.g., if follow-2 could receive information from follower-1, a 21 > 0, otherwise a 21 = 0 and if follow-1 could receive information from follower-2 a 12 > 0, otherwise a 12 = 0. To handle the nonlinearities of kinematics conveniently, the following transformation is employed to transform the kinematics of (1) into the following form
In order to handle the heterogeneous hydrodynamics of followers, the kinetics of (1) are rewritten aṡ
The heterogeneous dynamics are conceived as unknown dynamics and handled by the NN in this paper. Note that the unknown function f is not approximated individually; in order to reduce the learning parameters, the collective dynamics of the follower is considered as an entity and approximated by the NN. The explicit form of collective dynamics of follower is given in Section IV.
The desired motion of follower-i based on the communication topology and corresponding transformation can be defined as
where x ij represents the follower-i receives the information of longitudinal displacement from follower-j, so as the lateral displacement y ij . Note that the offsets of displacements of formation is contained in x ij and y ij , e.g. , x ij − ij → x j and ij denotes the offset of longitudinal displacement between follower-j and follower-i.
Then, the error system of position and orientation of formation control of marine vessels can be defined as follows
where the first item represents the errors among the neighbors and the second item represents the errors between the follower-i and the leader. Similarly, the velocity error can be defined as
Above all, the formation tracking control problem can be formulated into stabilization of error system (8) and (9) .
IV. MAIN RESULTS
The design procedures are characterized by the following 3 steps.
Step 1: Define the first sliding mode surface in the following form
where c i3 are positive design parameters.
Differentiate (10) , it can be obtaineḋ
a ij (f jr + 1 m 33j τ j3 + 1 m 33j τ jd3 ) to be approximated by the NN, in this way, the learning parameters are reduced.
Then, (11) can be translated into following forṁ
Here, the neural network is employed to approximate the function f i3 , [29] . Then, the controller τ i3 is designed as
where k i3 , η i3 are positive design parameters.
Step 2: Define the second sliding mode surface as follows
where c i1 are positive design parameters. Differentiate (15) , and we can obtaiṅ
Then, (16) can be transformed intȯ
Similarly, neural network here is employed to approximate f i1 ,
where k i1 , η i1 are positive design parameters.
Step 3: Define the third sliding mode surface as follows
where c i2 are positive design parameters. Differentiate (20) , it can be obtaineḋ (21) where
Similarly, neural network here is employed to approximate f i2 ,
where W * i2 is the ideal weight matrix, andW i2 = W * i2 −Ŵ i2 . Design the control input τ i2
where k i2 , η i2 are positive design parameters. VOLUME 7, 2019 Stability Analysis: Define the following Lyapunov function, including the sliding mode surface and weight error of neural network
The sliding more surface penalizes for the formation tracking error and the weight error penalizes for the approximation error of neural network. Differentiate (24) , it can be obtaineḋ
Substitute Eq. (12), (17), (21) into Eq. (25), we havė
Substitute Eq. (14), (19) , (23) into Eq. (26), it can be obtaineḋ
where γ ij are positive design parameters.
From (24) Note that all the parameters of followers are different. The control design parameters are set as c ij = 0.1, k ij = 10, η ij = 0.0001, γ ij = 0.0001, where i = 1, 2, 3, j = 1, 2, 3. The RBF NN is used to approximate the unknown nonlinear dynamics with 5 nodes, and the parameters are set as σ g = 0.5, µ g = [ −1 −0.5 0 0.5 1 ].
A. STRAIGHT-LINE FORMATION WITH SWITCHING COMMUNICATION TOPOLOGY
Various communication topologies are employed to test the effectiveness of the proposed control algorithm to topology changes. The setup of communication topology is given in Fig.2.  Fig.3 shows the formation tracking performance of the proposed algorithm. Note that, in previous studies [1] - [4] , [7] , [9] , [12] - [16] , [18] , [21] , all the followers share the same parameters in simulation. It is more practical to use different parameters to test the effectiveness of the proposed controller against the heterogeneous dynamics. Furthermore, the switching communication topology is employed to test the performance distributed formation tracking control. Note that, in previous studies [1] , [2] , [7] , [9] , [12] - [16] , [18] , the controllers are strictly depend on the specific fixed topology, which may cause the single-point failure. Even in the studies [3] , [4] , [21] , the effectiveness of proposed distributed controller against the communication topology changes are not given in simulation. Above all, it can be seen from Fig.3 that, even the communication topology changes, as shown in Fig.2 , the formation can be kept during the tracking mission. Fig.4 shows the tracking errors of longitudinal and lateral displacements. Fig.5 shows the control inputs. Fig. 6 shows the adaptive weight parameters. Note that if we use the NN to approximate each unknown function in each follower, it requires 27 adaptive parameters. In this paper, the collective dynamics is defined as entity unknown function, in this way, it only requires 9 adaptive parameters, which is more efficient.
B. CURVED LINE FORMATION WITH EXTERNAL DISTURBANCES
In this section, the performance of curved-line formation tracking control with external disturbances is tested. All the setup is same as Section A. The external disturbance is set as τ id = [ sin(0.2t) + 2 5 sin(0.3t) 3 sin(0.1t) cos(0.01t) ] T . Fig. 7 shows the performance of formation tracking control with disturbances in curved-line case. Fig.8 shows tracking errors of longitudinal and lateral displacements in curved-line case. Fig.9 shows the control inputs in curved-line case. It can be seen that the curved-line formation tracking control can be achieved by the proposed distributed controllers with external disturbances and communication topology changes. 
C. PERFOMRANCE OF FORMATION CHANGE
In this section, in order to validate that the proposed algorithm is applicable for different formation structure, the straightline formation structure is therefore employed herein. It can be seen from Fig.10 that, even the communication topology changes in every 600s, the straight-line formation is achieved and kept during the tracking mission. In addition, the influence of the communication topology changes is given in Fig 11. It is analyzed in this case because the straightline formation structure allows us to show the tracking error conveniently. The setup of communication topology is given in Fig.2 . It can be seen that the tracking errors of longitudinal displacement is smaller than the tracking errors of lateral displacement. It makes sense because the followers share the same longitudinal displacement. Thus, we focus on the analysis of the tracking errors of lateral displacement. Note that, in 600s-1200s, the tracking errors of lateral displacement are the biggest. Because only follower-2 can receive the correct information from the leader; nevertheless, the communication topology in 600s-1200s allows the follower-1 and follower-3 contribute their information, and then the errors are accumulated.
Note that, in 1200s-1800s, the tracking error of follower-2 is smallest, and the follower-1 is the biggest. Because the follower-2 pass the error to follower-1 through the follower-3.
VI. CONCLUSION
The distributed formation tracking control of heterogeneous marine vessels based on sliding mode and neural network is presented in this paper. The heterogeneous dynamics is treated as the unknown dynamics and handled by the neural network. The simulation results have validated the effectiveness of the proposed design to heterogeneous dynamics. Furthermore, the performance of the distributed formation control to communication topology changes has been also validated in simulation. The closed-loop stability is guaranteed by the Lyapunov theory. Nevertheless, the marine vessel investigated herein is fully actuated marine vessels; in future, the distributed formation tracking control of underactuated marine vessels will be studied.
